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ABSTRACT 

 A bi-directional microfluid control system was 
developed either numerically and experimentally in this 
work. This pneumatic system is an on-chip planar structure 
without moving parts and does not require microfabricated 
heaters or electrodes. The pumping actuation is introduced 
to the microchannel fabricated in chip by blowing an 
airflow through this device. The tunable parameters for 
adjusting the performance of pumping were the location of 
the inlet channel and the velocities of the airflow. The 
driving module was fabricated on PMMA and its feasibility 
was examined experimentally. The droplet of water in the 
microchannel can move forward, backward and stop under 
control of this driving module. The driving system is 
therefore particularly suited to micro devices for 
biochemical analysis.  
Keywords: microfluid, pneumatic, flow control, 
bi-directional pumping, driving system 

1. INTRODUCTION 

 Micro Total Analysis Systems (µTAS) have been 
developed that can perform a number of analytical 
processes involving chemical reactions, separation and 
sensing on a single chip (so-called “Lab-on-a-chip”). The 
µTAS research, which is aimed at biochemical analysis 
miniaturization and integration, has recently made 
explosive progress [1]. Some unit procedures, such as 
capillary electrophoresis (CE) [2,3], polymerase chain 
reaction (PCR) [4,5], sample preconcentration [6], genomic 
DNA extraction, DNA hybridization [7] and 
chromatography [8], have been successfully miniaturized 
and operated on a single-step chip. However, there is still a 
considerable technical challenge in integrating these 
procedures into a multiple-step system [9].  
 An important issue for this integration is a microfluid 
management technique, i.e. microfluid transportation, 
metering, and mixing. Flow–injection analysis (FIA) 
provides a possibility to adjust samples or reagents to the 
given selectivity and dynamic range of the systems in use. 
The microfluid management devices, such as micropumps, 
microvalves, microsensors and micromixers, have been 
rapidly developed over the past few years [10]. 
Micropumps are categorized into two groups: mechanical 
and non-mechanical (without moving parts). The 
performance of micropumps depends strongly on the 
features of the actuators. The non-mechanical micropumps 
usually employ electrohydrodynamic effects, 
electroosmotic phenomena and ultrasonic effects.  
 In medical and biomedical applications, the µTAS 

method must be designed considering special transport 
mechanisms to move samples and reagents through the 
microchannels that connect the unit procedure components 
in the systems. However, complicated relationships exist 
between the pumping mechanisms, the conditions under 
which the devices operate and the behavior of the 
multi-component fluids transported in these channels. A 
novel bi-directional microfluid driving systems were 
designed in this study. The total system operates with an 
external pneumatic actuator and an on-chip planar structure 
for airflow reception. The pumping actuation is introduced 
to the microchannel by blowing one or two airflows through 
this airflow receiver, which is a simple planar structure 
without moving parts. A numerical simulation and 
experimental verification were employed to design and 
examine the prototype of this device.  

2. DESIGNS OF THE BI-DIRECTIONAL CONTROL 

MODULES  

 The main purpose of this investigation was to 
implement a bi-directional microfluid control module 
without moving parts. The pneumatic driver is most suitable 
for µTAS, because it does not require microfabricated 
electrodes or heaters. Therefore, these devices do not 
generate electrical current or heat so that these devices give 
a minimal effect on biochemistry. The pneumatic pumping 
mechanism induced by the airflow could operate due to the 
geometry of a device with a planar structure.  
2.1 Bi-directional Driving Module  
 The driving module with bi-direction microfluid 
pumping is illustrated in Figure 1. The driving module 
includes two individual components: suction and exclusion 
components.  In the suction component (the lower 
component in Fig. 1a), an air gallery receives the airflow 
and is designed to produce constriction, like a 
converging-diverging nozzle. The airflow gallery is 
connected to a microchannel that is terminated to the 
reaction area for the sample or reagent. A constriction in the 
air gallery causes the velocity to rise and the pressure to fall 
at the throat due to Bernoulli’s equation. Once the pressure 
at the throat is lower than that at the channel to the 
sample/reagent, suction occurs because of the pressure 
gradient. The strength of the suction effect is influenced by 
the constriction rate of the throat in the suction component. 
The working principle for the exclusion component (the 
upper component in Fig. 1a) is based on the structure of the 
air gallery. The airflow can be led into the microchannel 
through a triangle block on the top of the air gallery. The 
position of the triangle block on the top of the air gallery 
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and the deflection angle at the position of the air gallery to 
the microchannel dominate the exclusion performance. The 
air flows into the microchannel and causes the exclusion 
phenomenon. The feasibility of these individual 
components for suction and exclusion can be numerically 
tested and will be discussed in a later section. The 
individual components can be combined using a T-shape 
connection, which is shown in Fig. 1a. This connection is a 
simplest way, which can be designed by intuition. The 
individual components for suction and exclusion can also 
be connected in parallel, as illustrated in Figs. 1b-1d. The 
position of the microchannel to samples/reagents is an 
important design parameter. When the microchannel is 
close to the suction component, as plotted in Fig. 1b, the 
suction strength for the driving module will increase. This 
driving module can be called a suction tendency module. 
Similarly, a driving module with a stronger exclusion effect 
is called the exclusion tendency module when the 
microchannel is located near the exclusion component, 
shown in Fig. 1d. Figure 1c shows the driving module with 
an intermediate effect, when the microchannel is at the 
middle position between the suction and exclusion 
components. One can select the optimal driving module for 
specific use by moving the location of the microchannel.  
2.2 Operation Principle of the Bi-directional Microfluid 
Control Module  
 A schematic diagram of the total system with the 
bi-directional microfluid driving system is illustrated in 
Figure 2. Steady airflow can be generated by an air 
compressor in the airflow assembly. To design a 
bi-directional microfluid driving system, the driving module 
is the essential part. The driving module is composed of the 
suction and exclusion components. The servo system 
includes an air compressor, a buffer tank and conduits for 
airflows. The chip consists of the bi-directional driving 
module and a reaction area for biochemical analysis. When 
the airflow passes through the air gallery with constriction 
(a converging-diverging cross section), the individual 
suction component provides suction due to the Bernoulli’s 
equation. The individual exclusion component produces 
exclusion through the pneumatic structure, which leads the 
airflow to the microchannel when the airflow passes 
through the air gallery of this component. A driving module 
with bi-directional pumping provides the net effect of 
suction or exclusion, which can be applied on the reaction 
chip for specific uses. The samples and reagents are in the 
control of the bi-directional driving module and perform 
biochemical assays in the reaction area. The samples and 
reagents in the reaction area can move forward, backward 
and stop under control of this driving module. The 
biochemical reaction occurs only in the reaction area and 
the samples will not be mixed or diluted with air. The 
samples and reagents will not enter the driving module 
unless they are drained away on purpose. The samples and 
reagents suck into the suction component of the driving 
module and drain away through the air gallery, therefore, 
the cross-contamination between the servo-system and the 

chip can be avoided. For the working principle of this 
design, pumping is not straightforwardly induced by the 
pressure introduced by the air conduit but based on reliable 
physics caused by steady airflow. This design may provide 
a stable and flexible control for bi-directional pumping.  

3. NUMERICAL SIMULATION 

 The equations used to describe the system are 
continuity and Navier-Stokes (pressure and velocity) 
equations, which are expressed as followings.  Derivations 
and details of the equations can be found in Bird et al. [11].   
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where µ  and ρ  are the viscosity and density of the fluid, 
respectively. P  is the pressure and V  is the velocity 
vector.   
 Simulations were performed using CFD-ACETM

(CFD Research Corporation, Alabama, U.S.A.) run on a 
personal computer. The finite element method and 
two-dimensional unstructured grids were employed to 
calculate the pressure and velocity field in the driving 
modules. The SIMPLEC method was adopted for 
pressure-velocity coupling and all spatial discretizations 
were performed using the first-order upwind scheme. The 
simulation was implemented in steady state. A 
fixed-velocity condition was set to the boundary condition 
at the inlet of the air gallery. The boundary conditions at the 
air gallery outlet and at the end of the microchannel for the 
sample/reagent inlet channel were set at a fixed-pressure. 
The total number of cells was approximately 1500 in the 
case of individual components and 3000 in the case of 
bi-directional modules with different connections.  

4. RESULTS AND DISCUSSION 

 Figures 3 and 4 show the numerical results for the 
pressure and velocity fields of the individual components. 
The pressure field of the suction component in Fig. 3 
indicates that the constriction design provided a lower 
pressure in the throat of the air gallery. Therefore, the 
velocity vector in the microchannel went up and suction 
occurred at the channel to samples/reagents because of the 
pressure gradient in the microchannel. The streamlines of 
the suction component were also plotted in Fig. 3 to 
illustrate the suction phenomenon in this component. Stable 
suction velocity (about 0.5 m/s upward) can be obtained in 
the microchannel while the velocity of the airflow at the 
inlet of the air gallery was 1 m/s. Figure 4 depicts the 
pressure and velocity fields of the exclusion component. 
The pressure gradient in the microchannel, caused by the 
structure of the air gallery, can be observed in Fig. 4. The 
air flows downward to the inlet channel because of the 
pressure gradient and the exclusion happened. The 
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exclusion in the microchannel is illustrated in Fig. 4 by the 
streamlines of the exclusion component. When the velocity 
of the inlet of the air gallery was 1 m/s, the exclusion 
velocity in the microchannel was about 0.4 m/s 
(downward).  
 Figure 5 shows the velocities at point A in Fig. 1a (the 
channel to the reaction area for sample/reagent) while both 
the inlet velocities for suction and exclusion components 
varied from 0 – 4 m/s. Figure 5(a) illustrates the velocity at 
the channel to the reaction area for the T shaped connection. 
The velocities at the microchannel decreased with the inlet 
velocity at the suction component (Vs) while the inlet 
velocity at the exclusion component (Ve) is equal to zero or 
one. However, the velocities at the inlet channel irregularly 
varied with Vs when Ve was equal to two, three or four. The 
numerical simulation indicated that the T shaped connection 
could not provide a linear and predictable response for the 
velocity at the sample/reagent inlet channel. Figures 5(b)-(d) 
depict the velocities at the microchannel for the driving 
modules with a parallel connection. The velocities at the 
microchannel for the suction tendency module are shown in 
Fig. 5(b). The velocity at the microchannel for this module 
lies in the range –1.59 to 1.18 m/s (note that the positive 
values of velocity mean exclusion; negative values mean 
suction). The velocity at the microchannel for the module 
with the intermediate parallel connection lies in the 
range –1.13 to 1.48 m/s, shown in Fig. 5(c). The driving 
module with the exclusion tendency connection provides 
the velocity at the microchannel with –1.11 to 2.69 m/s, 
depicted in Fig. 5(d). The velocity at the microchannel of 
the driving modules with the parallel connection increased 
with the inlet velocity of the exclusion component (Ve)
while the inlet velocity of the suction component (Vs) was 
fixed. The velocity at the microchannel decreased when the 
value of Vs increased with a fixed inlet velocity for the 
exclusion component, Ve. According to the numerical 
simulation, the driving module with the parallel connection 
provided flexible, predictable and linear control for 
bi-directional pumping. The driving module with a suction 
tendency connection was fabricated on PMMA, which is 
shown in Fig. 6 and its feasibility was examined 
experimentally.  The droplet of water in the microchannel 
can move forward, backward and stop under control of this 
driving module as shown in Fig. 7. 

5. CONCLUSIONS  

 A driving system designed for bi-directional 
microfluid control has been investigated numerically and 
experimentally in this study.  This driving system is 
attractive for its extremely simple structure and high 
robustness.  For conventional mechanical micropumps, 
complicated and costly fabricated procedures, the intrinsic 
problems of wear and fatigue for small fragile parts must be 
overcome.  This design could greatly reduce the problems 
since the driving modules have planar structures without 
moving parts.  For the presented design, no air conduit 

was employed to connect the servo-system to the control 
system therefore; the packaging difficulty and leakage 
problem can be eliminated.  The final airflow outlet was 
fixed in one direction so that it can prevent 
cross-contamination between servo-system and chip.  The 
control system is therefore particularly suited to micro 
devices for biochemical analysis. 
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